To understand the genetic mechanism of host specificity in the interaction between rhizobia and their hosts, it is important to identify genes that influence both early and late steps in symbiotic development. This paper focuses on the little-understood genetics of host-specific nitrogen fixation. A deletion mutant ofBradyrhizobium japonicum, strain NAD163, was found to induce effective, nitrogen-fixing nodules on soybean and siratro plants but produced ineffective nodules on cowpea plants. Additional transposon and deletion mutants defined a small region that conferred this phenotype, and this region was sequenced to identify two putative open reading frames (ORFs). Data indicate that only one of these ORFs is detectable in bacteroids. This ORF was termed hsfA, with a predicted protein product of 11 kDa. The transcriptional start site of hsfA was determined and found to coincide with a predicted RpoN-dependent promoter. Microscopic studies of nodules induced by the wild type and hsfA mutants on cowpea and soybean plants indicate that the cowpea mutant nodules are slow to develop. The data indicate that hsfA appears to play a crucial role in bacteroid development on cowpea but does not appear to be essential for nitrogen fixation on the other hosts tested.
It is well-known that specific strains of rhizobia enter into nitrogen-fixing symbioses with specific hosts. A number of host-specific genetic determinants that affect the early steps of symbiosis, infection, and nodulation (e.g., root hair curling and cortical cell division; see references 3, 21, and 31) have been studied. However, less is known about host-specific events that affect later steps in the development and maintenance of the symbiosis.
Bacterial host specificity in symbiotic nitrogen fixation has been suggested by the observation that some wild-type Rhizobium strains form effective (Nod' Fix') nodules on some legumes but form ineffective (Nod' Fix-) nodules on other hosts (e.g., see references 9, 16, 37, and 55). For example, Rhizobium loti NZP2037 forms nitrogen-fixing nodules on both Lotus tenuis and Lotus pedunculatus. In contrast, strain NZP2213 forms effective nodules on L. tenuis but ineffective tumor-like structures on L. pedunculatus (37) . Recently, Bromfield and Barran (9) have shown that 33 isolates of Rhizobium meliloti induced nodules that were symbiotically ineffective on Trigonella foenum-graecum (100% of plants nodulated) and Phaseolus vulgaris (40 to 100% of plants nodulated). However, all but two isolates were symbiotically effective with Medicago sativa.
Mutants of rhizobia which have lost the ability to fix nitrogen with some, but not all, of their normal legume hosts have been isolated (10, 14, 29, 52, 60, 62) . Tn5-induced mutants of Rhizobium strain NGR234" with altered exopolysaccharide production produce Fix' nodules on some of their hosts but Fix-nodules on others (10) . A mutant of Bradyrhizobium sp. (Arachis) strain NC92 which formed an ineffective symbiosis with pigeonpea but effective symbioses with groundnut and siratro was isolated (62) . Recent physiological experiments with this mutant indicate that the defect appears to lie in the ability of each of the host plants to tolerate or support nodulation by the mutant and appears not to be due to a specific interaction between the mutant and a particular host plant. That is, the defect appears to have a quantitative effect on nodulation that varies among the host plants; the symbiosis is affected on each plant host but to various levels (15) .
Although several host-specific nitrogen fixation mutants of Rhizobium and Bradyrhizobium species have been isolated, very little characterization of these mutants has been done at the molecular level. Nucleotide sequence information is available for only one gene from R loti NZP2037 required for effective nodulation of L. pedunculatus but not for Lotus comiculatus (60) . Thus, very little is known about the molecular aspects of host-specific nitrogen fixation in legumes.
The present study was begun with the goal of identifying additional symbiotic genes that had been deleted in strain NAD163. Strain NAD163 possesses a large DNA deletion but retains the ability to induce effective, nitrogen-fixing nodules on soybeans (i.e., Glycine max and Glycine soja) and siratro (Macroptilium atropurpureum). However, it was later found that strain NAD163 induces ineffective nodules on cowpea (Vigna unguiculata). Therefore, it was assumed that further study of NAD163 could contribute to the little-understood genetics of host-specific nitrogen fixation. This work has now led to the identification of a host-specific nitrogen fixation (hsf) gene, hsfA, of B. japonicum USDA110. Mutations in this gene result in the formation of Fix-nodules on cowpea plants but 
MATERIALS AND METHODS
Bacterial strains, plasmids, and phage. Bacterial strains, plasmids, and phage used in this work are listed in Table 1 . Details of newly constructed strains and plasmids are given in the text.
Bacterial culture media and growth conditions. B. japonicum strains were cultured at 30°C in minimal medium containing HM salts plus arabinose and gluconate (13) or in RDY medium (35) . Escherichia coli strains were grown in Luria-Bertani medium (34) at 37°C. For single-stranded template DNA preparation, XL1-Blue cells harboring pBluescript II (SK+ and SK-) phagemid derivatives were grown in Superbroth as described by the manufacturer (Stratagene, La Jolla, Calif.). When appropriate, the following antibiotics were added to the medium at the indicated final concentrations (in micrograms per milliliter): kanamycin, streptomycin, spectinomycin, or tetracycline (150 each) for B. japonicum and ampicillin (50), kanamycin (50) , tetracycline (20) , streptomycin (30) , spectinomycin (30) , and chloramphenicol (30) for E. coli. Anaerobic growth of B. japonicum was achieved in KNO3 medium containing 10 mM KNO3 (12, 51) .
Standard recombinant DNA techniques. Cloning, restriction mapping, transformation, plasmid isolation, nick translation, Southern blotting, and hybridization were performed by standard protocols (46) . DNA restriction endonuclease fragments used in subcloning were isolated by separation on agarose gels by using electrophoresis and the Geneclean II kit (Bio 101 Inc., La Jolla, Calif.). Isolation of chromosomal DNA from B. japonicum was done as described previously (49) .
RNA isolation and RNA dot blot hybridization. Total RNAs from B. japonicum free-living culture cells (aerobic or anaerobic cultures) and isolated bacteroid cells were isolated by the 
x R B X Phenotypes of the Tn5 inserts: +, wild type; d, delayed nitrogen fixation on cowpea; -, no nitrogen fixation in cowpea nodules. The transcription of the hsfA gene is from right to left. ORFB is in the opposite orientation to hsfA. P, bacteroid-specific RpoN-type promoter. Restriction endonuclease sites: R, EcoRI; B, BamHI; H, HindIII; Sc, SacI; S, Sall; X, XhoI; C, ClaI; Sf, Sftu.
hot-phenol extraction method (12) . Any contaminating DNA in the RNA samples was removed by digestion with RNasefree DNase I (Promega, Madison, Wis.).
RNA (0.5 to 10 ,ug) was blotted onto nitrocellulose or nylon filters (Amersham Co., Arlington Heights, Ill.) as described by Sambrook et al. (46) . Hybridization was done at 42°C in a solution of 10% dextran sulfate-50% formamide-5X SSPE
(1 x SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA Cloning procedure. To sequence the region responsible for host-specific nitrogen fixation on cowpea plants, a 5.7-kb XhoI fragment from pRjUT14 was cloned into the XhoI site of pBluescript II SK+, resulting in plasmid pJY200. Restriction mapping of the 5.7-kb insert of pJY200 indicated that an internal 1.6-kb EcoRI-BamHI fragment encompassed the locations of the various TnS insertions found in strains AN218, NAD122, and NAD124. Therefore, this fragment was cloned into the EcoRI and BamHI sites of pBluescript II SK+ (yielding plasmid pJY201) and SK-(yielding plasmid pJY202). Plasmid pJY202 has two SacI sites, one in the polylinker region of the vector and the other within the 1.6-kb insert DNA. A 1.3-kb SacI fragment in pJY202 was removed and the plasmid was religated. This resulting clone contains only a 0.3-kb SacI-EcoRI insert and was named plasmid pJY2021. Plasmid pJY202 was digested with BamHI and SacI, releasing a 1.3-kb fragment which was subcloned into pBluescript II SK+ with the same enzymes, resulting in plasmid pJY2022.
DNA sequencing. DNA sequences were determined by the dideoxy chain termination method (47) . Plasmids pJY201 and pJY2022 were used in the construction of a nested set of deletions in order to sequence both strands of the hsfA gene region. A nested set of deletions was generated by the exonuclease III digestion procedure of Henikoff (27) , with a minor modification. Single-stranded DNA was isolated as recommended by the manufacturer (Stratagene). For the isolation of double-stranded DNA template, the alkali denaturation method of Promega was used. A 1,584-bp DNA fragment encompassing the hsfA gene region was sequenced in both orientations by using Sequenase or Taquence polymerase (U.S. Biochemicals) according to the manufacturer's protocol and using 35S as the radioactive isotope. The sequences of transposon insertion positions were determined by sequencing the TnS-flanking regions of mutants NAD14, JC143, and JC890 with a TnS-specific oligonucleotide, 5'-CAGGACGC-TACITlGT-3', used as the primer. Computer-assisted sequence analysis was done with the Microgenie program (Beckman) and the GCG program of the University of Wisconsin Genetics Computer Group (Madison).
Primer extension. The transcriptional start site of the hsfA gene was determined by primer extension as previously described by Chun and Stacey (12) . An oligonucleotide primer, 5'-CCAACAGAAATATGCCAAGCT-3' (21-mer), which is complementary to bases +7 to +27 of the hsfA coding sequence, was used in this reaction. Size standards were obtained by using the same primer in a dideoxy sequencing reaction with plasmid pJY201, containing the hsfA gene region, as the template. Construction of B. japonicum mutants. For the construction of mutant BjjC208, a 5.8-kb XhoI fragment of pJY200 was subcloned into the XhoI site of pBluescript II SK+ BR-, in which the BamHI-EcoRI fragment in the polylinker site was removed, made blunt with Klenow enzyme, and religated. The resulting plasmid was called pJY205. A 1.6-kb BamHI-EcoRI fragment internal to the 5.8-kb XhoI fragment of pJY205 was removed, made blunt with the Klenow enzyme, and replaced with a 2.0-kb SmaI fragment (encoding streptomycin and spectinomycin resistance) from vector pHp45fl, yielding plasmid pJY206. The 6.2-kb XhoI fragment from pJY206 was subcloned into the XhoI site of pUC4-KIXX to produce plasmid pJY207. This construct has only two EcoRI sites located within the polylinker region derived from vector pUC4-KIXX. Therefore, digestion with EcoRI releases a fragment with an internal 6.2-kb XhoI fragment which was subcloned into the EcoRI site of the mobilizable vector pSUP202, resulting in plasmid pJY208. In this construction, the entire region mutated in strains AN218, NAD124, and NAD122 was replaced by the streptomycin-spectinomycin resistance cassette.
For the construction of mutant BjjC211, the 5.8-kb XhoI fragment of pJY200 was subcloned into the Sall site of the vector pSUP202, yielding plasmid pJY209. This plasmid has a unique SacI site in the hsfA coding region. The streptomycinspectinomycin resistance cassette from vector pHp45fl was inserted into this SacI site, disrupting the hsfA gene and yielding plasmid pJY211. The cassette having the SacI sites at both ends was prepared by cloning the fragment encoding streptomycin-spectinomycin resistance from vector pHp45fl by digestion with SmaI and ligation into the SmaI site of vector pUC4-KISS, resulting in plasmid pJY210. Digestion of pJY210 with SacI releases a 3.3-kb fragment containing the antibiotic resistance genes. This is the fragment used to disrupt the hsfA coding region.
The mutations formed in plasmids pJY208 and pJY211 were transferred to the B. japonicum USDA110 genome by homologous recombination following triparental conjugation. B. japonicum transconjugants were selected on RDY agar plates plus streptomycin and spectinomycin. Chloramphenicol (30 pug/ml) for pJY208 or tetracycline (10 jg/ml) for pJY211 was used to counterselect against the E. coli donor and helper strains. To distinguish double-crossover events (true replacements) from single-crossover events (cointegrations), in the case of BjjC208 transconjugants, streptomycinand spectinomycin-resistant transconjugants were screened on RDY medium containing streptomycin, spectinomycin, and tetracycline. Sensitivity to tetracycline was presumptive evidence for gene replacement. However, since pJY211 does not have the tetracycline selection marker, in the case of BjjC211 transconjugants, colony hybridization was used to screen for the absence of pSUP202 DNA by using 32P-labelled plasmid DNA as a probe. The correct genomic structures of the marker exchange mutants (resulting from double-crossover events) were confirmed by appropriate Southern blot hybridizations. Plant infection tests. Plants used in this study were soybean (G. max cv. Essex and G. soja P1468397), siratro (M. atropurpureum), and cowpea (V. unguiculata cv. Purple Hull). Seeds were surface sterilized and germinated as described previously (26) . Seedlings were transferred, depending on the experimental purpose, to either sterile 60-ml serum vials containing vermiculite saturated with plant nutrient solution (for nitrogen fixation activity) (35, 59) , sterile Leonard jar assemblies containing 50% sand-50% vermiculite (for microscopic studies) (58), or sterile plastic growth pouches (for nodulation kinetics or N2 fixation activity) (Vaughan's Seed Co., Downers Grove, Ill.). Cultures of B. japonicum were inoculated onto the seedlings. Actual cell concentrations were checked by viable plate count. Plants were watered as necessary with a nitrogenfree nutrient solution (59) . Upon completion of the assays, bacteria were reisolated to ensure that the nodules induced were occupied by the applied bacterial inoculum (50) . Isolation of bacteria from soybean nodules has been described elsewhere (59) . Nitrogen fixation activity was determined by the acetylene reduction assay (61) . Microscopy. Soybean and cowpea plants were infected with strain USDA110, NAD163, or AN218 and grown in sterile Leonard jar assemblies containing 50% sand and 50% vermiculite (58) . At 15 and 28 days after inoculation, nodule samples were prepared for microscopy (43) . For light microscopy, a Leitz photomicroscope was used. For electron microscopy, a Hitachi H600 microscope was used with a 75-kV beam.
Nucleotide sequence accession number. The nucleotide sequence of hsfA has been submitted to GenBank under accession number L35911.
RESULTS
Symbiotic phenotypes ofB. japonicum mutants NAD163 and NAD164 on different host plants. The B. japonicum mutants NAD163 and NAD164 were previously constructed by deletion of all internal XhoI fragments (about 30 kb) from pRjUT14 and pRjUT24, respectively, and replacement with a kanamycin resistance cassette. These mutations were subsequently marker exchanged into the genome of B. japonicum USDA110 (17) (Fig. 1A) . These mutants exhibited a delay in nodulation on soybean (G. max). Previously, a gene (nfeC) involved in nodulation competitiveness on soybean plants was identified within the deleted region of these mutants (12) . However, we suspected that other symbiotic genes may have been lost by the deletion mutagenesis. Since there are several reports that some B. japonicum mutations result in an alteration of host range (e.g., references 23, 28, 45, and 51), mutants NAD163 and NAD164 were examined for their ability to nodulate and fix nitrogen on four host plants, i.e., G. max cv. Essex, G. soja P1468397, siratro, and cowpea cv. Purple Hull. Mutant strain NAD164 induced effective nodules on all four hosts, on the basis of the acetylene reduction activities. However, strain NAD163 induced ineffective nodules on cowpea but effective nitrogen-fixing nodules on G. max, G. soja, and siratro plants, indicating that the deleted region in mutant NAD163 contains a host-specific nitrogen fixation locus. In addition, mutant NAD163 induced yellow chlorotic leaves on 30-day-old cowpea plants and formed tiny nodules (data not shown), a phenotype characteristic of nitrogen starvation. Light and electron microscopy was used to examine the developmental and morphological characteristics of root nodules induced by mutant NAD163 on cowpea and soybean plants. On cowpea plants, infected cells had few bacteroids and contained large vacuoles, suggesting that the mutation might affect bacteroid development (Fig. 2) . On soybean plants, nodule cells infected by strain NAD163 differentiate bacteroids similarly to wild-typeinfected cells (Fig. 2) . On the basis of the maps of the deleted regions in NAD163 and NAD164, the specific locus responsible for the phenotype seen should be present on the part of the NAD163 deletion which does not overlap with the NAD164 deletion ( Fig. 1A) .
Isolation and characterization of B. japonicum mutant AN218. To understand the genetic mechanism of host specificity in the interaction between rhizobia and their hosts, it is important to identify genes that influence both early and late steps in symbiotic development. Therefore, we sought to delimit the host-specific fixation locus deleted in strain NAD163. A large number of Tn5 insertion mutants of B. japonicum were screened on cowpea plants for insertions within the region deleted in strain NAD163 but present in strain NAD164. All of the Tn5or TnS::lacZ-induced mutants examined were Fix' on cowpea plants as determined by their acetylene reduction activities (data not shown). The acetylene reduction assay is a very sensitive method, and the levels of activity of the mutant-induced nodules were slightly different for each strain, depending on the condition of the plants. Therefore, the acetylene reduction activity was defined as Fix' when the average activity over all experiments was >30% of the wild-type activity and as Fix-when the average activity was <10% of the wild-type activity.
One Tn5-induced mutant strain, AN218, exhibited a 2to 3-day delay with regard to the change of internal nodule color from white to pink compared with the wild type or other Tn5 mutants. Since leghemoglobin confers the pink color on the nodules and is detectable just before the development of nitrogenase activity (e.g., see references 5 and 56), we deduced that strain AN218 might be defective in some function which is correlated with its N2 fixation ability. To examine the delayed development of nodules infected by AN218, the nodules formed on cowpea and soybean plants were examined by light and electron microscopy. As shown in Fig. 3 , the development of bacteroids in cowpea nodule cells infected by AN218 was significantly delayed compared with that of the wild type. For example, the infected cowpea nodule cells at 28 days after infection by strain AN218 were similar to 15-day-old nodule cells infected by the wild type (e.g., only one bacteroid per symbiosome). These results are consistent with the delay in leghemoglobin accumulation in AN218-induced nodules. On soybeans, significant differences in bacteroid development between AN218-and wild-type-infected nodule cells were not observed ( Fig. 4 ).
Construction of a deletion mutant (BJjC208) ofB.japonicum and its symbiotic phenotype. To confirm that the region identified by AN218 was responsible for the host-specific phenotype of NAD163 on cowpea plants, a wild-type 1.6-kb EcoRI-BamHI fragment encompassing the region of the VOL. 176, 1994 on January 16, 2020 by guest http://jb.asm.org/ Downloaded from AN218 mutation was deleted and replaced with a spectinomycin-streptomycin resistance cassette and then mobilized into B. japonicum USDA110 (see Materials and Methods) (for a map, see Fig. 1B ). The resulting B. japonicum mutant was named BjjC208. Verification that the 1.6-kb EcoRI-BamHI fragment was deleted from this mutant was obtained by genomic Southern hybridization analysis (data not shown).
Mutant BjjC208 was tested for its symbiotic ability on cowpea plants. Table 2 shows the symbiotic phenotypes of BjjC208 and NAD163. Similar to the plants inoculated with NAD163, the mutant BjjC208 exhibited very low acetylene reduction activity. The two mutants showed similar nodule morphologies and produced small, white nodules. Therefore, it seems likely that the region mutagenized by AN218 is responsible for the phenotype seen with the NAD163 mutant with the larger deletion.
Nucleotide sequencing and sequence analysis. A 1,584-bp DNA region from the wild-type strain USDA110 was sequenced on both strands to identify the gene(s) mutated by the AN218 insertion. This region encompasses the location of the Tn5 insertions of AN218, NAD124, and NAD122 (Fig. 1C ). Since the flanking-insertion mutants NAD124 and NAD122 showed no altered-symbiotic phenotype on cowpea plants, these mutants delimit the symbiotic locus identified by the AN218 mutation. Two major open reading frames (ORFs) oriented in opposite directions were identified within the DNA sequence (Fig. 5 ). The exact positions and orientations of the TnS insertions in the various mutants were determined by DNA sequencing. The AN218 Tn5 insertion was found to lie between the two ORFs. Recall that this mutant exhibits a 2to 3-day delay in leghemoglobin accumulation compared with the wild type. The location of the AN218 Tn5 insertion offers an explanation for these results in that the mutation may not completely block expression of the adjacent genes. Comparisons of the ORFA and ORFB DNA or amino acid sequences with entries in the GenBank (release 83, June 1994), EMBL (release 38, March 1994), and Swissprot (release 28, February 1994) databases did not reveal any significant similarities.
RNA dot blot hybridization. Since the AN218 mutation lies between the two putative ORFs, it was not possible to determine which gene was responsible for the phenotype observed on cowpea plants. Therefore, the expression of both ORFs was examined by RNA dot blot hybridization using the internal DNA fragments of both ORFs as probes. Total RNA of wild-type B. japonicum USDA110 was isolated from free-living cells, under aerobic and anaerobic growth conditions, or from bacteroids isolated from soybean root nodules. Plasmid pJY202 was digested with PstI-HindII or NruI-HindIII, and a 0.26-kb PstI-HindIII internal DNA fragment of ORFA and a 0.57-kb NruI-HindIII DNA fragment from ORFB were isolated. These DNA fragments were used as probes in the RNA dot blot hybridization. The ORFA probe hybridized only to bacteroid RNA (Fig. 6) , indicating that ORFA is expressed only in planta. In contrast, the ORFB probe did not hybridize to RNA isolated from free-living cells or bacteroids. Since one would assume that the gene responsible for host-specific nitrogen fixation should have a detectable transcript in bacteroids, these results strongly suggested that ORFA is the gene essential for nitrogen fixation in cowpea nodules.
Transcriptional start site of ORFA. The transcriptional start site of ORFA was determined by primer extension. A synthetic oligonucleotide primer complementary to the coding region of ORFA (see Materials and Methods) was used in primer extension reactions with the same RNA used in the dot blot hybridization described above. These experiments revealed one major extension product and only when bacteroid RNA was used as the template (Fig. 7) . These results were consistent with the RNA dot blot hybridization results in that the internal fragment of ORFA hybridized only to bacteroid RNA. The mapped transcriptional start site coincided with the presence of a putative -24/-12 promoter consensus sequence (i.e., CTGGCA-N6-TTGC [53] ) ( Fig. 5 ). Construction of an ORFA mutant, BjjC211, by site-directed mutagenesis and its symbiotic phenotype. To confirm that the ORFA gene is important for host-specific nitrogen fixation, an ORFA mutant was constructed by site-directed mutagenesis. A streptomycin-spectinomycin cassette was inserted into the coding region of the ORFA gene in plasmid pJY211. Restriction analysis of the mutated plasmid pJY211 confirmed that the streptomycin-spectinomycin cassette was inserted within the ORFA coding region within a 1.6-kb EcoRI-BamHI fragment. This mutation was marker exchanged into the genome of B. japonicum USDA110. The resulting transconjugant (called BjjC211) was verified by Southern hybridization analysis (data not shown).
To determine whether the insertion mutation in ORFA exhibited a defect in host-specific nitrogen fixation, strain BjjC211 was tested for its symbiotic ability on cowpea and soybean plants ( Table 2 ). The acetylene reduction phenotype of strain BjjC211 was similar to that of BjjC208 and NAD163. All mutants except AN218 were Fix-(<10% of the wild-type activity) on cowpea plants but Fix' on soybean plants on the basis of their acetylene reduction activities. AN218 showed less activity than the wild type on cowpea plants (69% of wild-type activity) and soybeans (78% of wild-type activity). In addition, the newly constructed mutants BjjC211 and BjjC208 showed the same phenotypes as found with strain NAD163 in that they induced yellow chlorotic leaves on 28-day-old cowpea plants and formed tiny nodules (data not shown). In addition, transmission electron microscopic analysis of cowpea nodules induced by strain BjjC211 showed a delay in nodule development similar to that found for mutant BjjC208 (data not shown). These results confirm the hypothesis that the cowpea-specific nitrogen fixation phenotype of mutants NAD163 and BjjC208 is caused by a mutation in the ORFA gene. For this reason, we chose to name ORFA hsfA (for host-specific fixation).
DISCUSSION
Host-specific fixation mutants of several Rhizobium and Bradyrhizobium strains have been reported (10, 29, 52, 60, 62) . However, these earlier reports failed to identify the specific gene(s) responsible for the host-specific fixation phenotype.
Indeed, nucleotide sequence information is available for only one gene of R loti NZP2037 required for effective nodulation of L. pedunculatus but not for L. comiculatus (60) . However, there exists no significant similarity between the hsfA gene sequence reported here and the R loti gene. R. loti mutants were isolated on the basis of symptoms of nitrogen starvation by measuring the dry weights of the tops of both inoculated and uninoculated plants. Plants forming ineffective nodules showed no increase in dry weight compared with the uninoculated controls. Microscopic analysis of these mutant-induced nodules indicated that the rhizobia were released from the infection threads but failed to develop into mature bacteroids (60) . These observations are similar to those made in this study with cowpea nodules infected with the B. japonicum deletion mutant NAD163. Microscopic examination of these cowpea nodules revealed that while some bacteroids were found in the infected-cell cytoplasm, they appeared to be readily degraded and usually failed to develop into mature bacteroids. Consistent with this earlier work, mutant NAD163 induced yellow chlorotic leaves on 28-day-old cowpea plants and formed tiny nodules, a phenotype characteristic of a number offix mutants (for examples, see references 38, 40, and 42) . In contrast, soybean nodule cells infected by NAD163 developed nitrogenfixing bacteroids, similarly to wild-type-infected cells. These results suggest that the mutation in NAD163 differentially affects bacteroid development, depending on the particular host plant infected. The location of the specific locus responsible for the phenotype of mutant strain NAD163 was determined by screening TnS-induced mutants on cowpea plants. One TnS mutant, AN218, that exhibited a 2to 3-day delay in leghemoglobin accumulation relative to the wild type was isolated. Sequencing of the region mutated by AN218 led to the identification of the hsfA gene, which is responsible for host-specific nitrogen fixation. The position of the AN218 Tn5 insertion was found to be upstream of the hsfA gene. The orientation and position of the AN218 mutation may not completely block gene expression but may partially reduce the level of hsfA transcription. Like the previously reported nfeC gene (12) , the hsfA gene has a putative RpoN-type (-24/-12) promoter (53) , which is expressed only in bacteroids and not under free-living conditions. Therefore, the hsfA gene may also have an upstream activator responsible for bacteroid-specific expression, as was proposed for the nfeC gene. Thus, it is possible that the AN218 TnS insert might disrupt the action of this activator, resulting in reduced hsfA expression. Sequence analysis of the regions upstream of nfeC and hsfA did not show any apparent similarity or obvious repeated or inverted sequences that might identify activator sequences common to these promoters. In addition, no obvious binding sites for known activator proteins (e.g., NifA or integration host factor) were found in the hsfA upstream region.
B. japonicum has two functionally interchangeable rpoN genes (31a) . An RpoN1 and RpoN2 double mutant induces nodules on soybeans, but they contain fewer bacteroids and are unable to fix nitrogen. Since the hsfA gene is expressed only in bacteroids and since an RpoN1 and RpoN2 mutant is defective in bacteroid formation, it is difficult to prove directly whether the promoter of hsfA is regulated by RpoN. Symbiotic nitrogen fixation depends not only directly on genes concerned with the establishment of an active nitrogenase but also indirectly on genes concerned with essential metabolic functions in bacteroids. Therefore, mutations in the latter genes can result in a defect in symbiotic nitrogen fixation (Fix-) because the bacteroids do not fully proliferate in the nodules. In addition, the missing function may create a state ,unfavorable to the reduction of nitrogen while bacteroid development remains unaffected. For example, B. japonicum mutants lacking the high-affinity molybdate uptake system are Fix-because nitrogenase suffers from an inadequate supply of Mo (33) . Respiration-defective mutants are also Fixbecause respiration supplies the energy required for nitrogenase activity (7, 8, 36, 39, 54) . In R. meliloti, Rhizobium leguminosarum bv. viciae, and B. japonicum, C4-dicarboxylate transport mutants formed ineffective (Fix-) nodules (6, 30, 41) , presumably because of the inability of the bacteroids to transport the needed carbon source. In most host-specific fixation mutants that have been reported, nitrogen fixation ability is significantly reduced compared with that of the wild type but not completely blocked (11, 15, 29, 52, 60, 62) . These results suggest that the host-specific failure is due to some postinfection breakdown in the interaction between plant and bacterium and is not directly related to the nitrogen fixation enzymatic machinery. Although the biochemical function of the hsfA gene product is not known, microscopic analyses suggest that it plays some role in mature-bacteroid development. It has been reported that mutations in B. japonicum genes that are directly involved in nitrogenase function (e.g., niJD, nifK, nifH, and nifB) do not severely affect bacteroid development and persistence (22, 25) . In contrast, mutations in the nitrogen fixation regulatory genes of B. japonicum, such as nifA, rpoN1,2, and fixLJ, and mutations in other genes, such as those affecting respiration, lead to pronounced, premature bacteroid degradation. These data suggest that the hsfA gene product may be involved in the regulation of symbiotic N2 fixation genes or metabolic functions essential for bacteroid development.
There are several possible explanations for the host-specific N2 fixation phenotype of hsfA mutants. Bauer et al. (4) tested the abilities of cowpea and soybean plants to be nodulated by the same strains of B. japonicum. Cowpea plants appeared to require 100-fold-higher inoculum levels to initiate early nodulation responses. However, when this higher threshold was exceeded, the response of the cowpea plants was much greater. These results suggest that cowpea plants may have different response mechanisms from those of soybeans for symbiotic development. Microscopic analyses of nodules induced by the hsfA mutant suggest different responses in soybean and cowpea plants. Fifteen-day-old cowpea nodule cells infected by AN218 possessed few bacteroids, and nodule development was considerably delayed. At 28 days, nodules infected with AN218 appeared to be developmentally similar to wild-type-infected nodules at 15 days. These data suggest that hsfA may play a role in the release of B. japonicum into and growth in cowpea nodule cells. Unfortunately, at this point, we cannot make any firm predictions as to the function of the hsfA gene product. One possibility is that the hsfA gene product may play a role in the biosynthesis of a bacterial cell surface component critical to symbiotic development in cowpea plants. Chen et al. (10) reported that Rhizobium strain NGR234 mutants altered in exopolysaccharide production exhibited a host-specific nitrogen fixation phenotype. These symbiotic exopolysaccharide mutants were tested on five hosts, M. atropurpureum, Desmodium intortum, Desmodium uncinatum, Lablab purpureus, and Leucaena leucocephala, and found to be Fix' on some but Fixon others. R. loti exopolysaccharide mutants also exhibited a host-specific nitrogen fixation phenotype. Such mutants were fully effective on L. pedunculatus but were ineffective on Leucaena leucocephala (29) . Bacterial cell surface components have been implicated in various stages of symbiotic development (24) . However, in the case of strains AN218 and BjjC211, no obvious cell surface defects are apparent from microscopic observations or growth in various laboratory media. More extensive studies have not been done.
A host-specific phenotype could also arise from a defect in a specific signalling interaction or in a specific pathway of bacteroid differentiation. For example, different host plants may supply different carbon substrates to the bacteroids, and the hsfA gene product might be involved in the utilization of such carbon sources. It has also been shown that a reduction in the levels of exported, fixed nitrogen can lead to a failure by VOL. 176, 1994 on January 16, 2020 by guest http://jb.asm.org/ Downloaded from the plant to induce the enzymes necessary for nitrogen assimilation, leading to early senescence of the nodules (1, 2) . The degradation of cowpea nodules infected by hsfA mutants is somewhat reminiscent of early nodule senescence.
Clearly, several hypotheses concerning HsfA function can be posed and must now be tested. Further analysis of the biochemical function of the hsfA gene product may enable us to identify additional steps between the initial induction of root nodule formation and the final establishment and maintenance of a fully effective, nitrogen-fixing symbiosis.
